Dextran glucosidase from Streptococcus mutans (SMDG), an exo-type glucosidase of glycoside hydrolase (GH) family 13, specifically hydrolyzes an α-1,6-glucosidic linkage at the non-reducing ends of isomaltooligosaccharides and dextran. SMDG shows the highest sequence similarity to oligo-1,6-glucosidases (O16Gs) among GH family 13 enzymes, but these enzymes are obviously different in terms of substrate chain length specificity. SMDG efficiently hydrolyzes both short-and long-chain substrates, while O16G acts on only short-chain substrates. We focused on this difference in substrate specificity between SMDG and O16G, and elucidated the structure-function relationship of substrate chain length specificity in SMDG. Crystal structure analysis revealed that SMDG consists of three domains, A, B, and C, which are commonly found in other GH family 13 enzymes. The structural comparison between SMDG and O16G from Bacillus cereus indicated that Trp238, spanning subsites +1 and +2, and short β → α loop 4, are characteristic of SMDG, and these structural elements are predicted to be important for high activity toward long-chain substrates. The substrate size preference of SMDG was kinetically analyzed using two mutants: (i) Trp238 was replaced by a smaller amino acid, alanine, asparagine or proline; and (ii) short β → α loop 4 was exchanged with the corresponding loop of O16G. Mutant enzymes showed lower preference for long-chain substrates than wild-type enzyme, indicating that these structural elements are essential for the high activity toward long-chain substrates, as implied by structural analysis.
Introduction
Dextran glucosidase from Streptococcus mutans (SMDG) splits the α-1,6-glucosidic linkage and releases α-glucose from the non-reducing end of isomaltooligosaccharides and dextran. S. mutans, which is one of the factors underlying the development of dental carries, produces extracellular dextran from sucrose via the action of glucansucrase. SMDG plays a role in the metabolism of extracellular dextran. SMDG hydrolyzes isomaltooligosaccharides in cytoplasm, which in turn are hydrolysates of dextran produced by extracellular dextranase (Russell et al. 1992; Tao et al. 1993) .
Oligo-1,6-glucosidase (O16G, EC 3.2.1.10) and glucodextranase (EC 3.2.1.70) are also known to hydrolyze α-1,6-glucosidic linkages at the non-reducing end to release glucose. SMDG is clearly distinct from O16G with respect to its specificity for long-chain substrates. SMDG hydrolyzes both short-and long-chain substrates, even dextran (Linger & Sund 1981; Russell et al. 1990 ), while O16G hydrolyzes only short-chain substrates (Suzuki et al. 1976 (Suzuki et al. , 1982 (Suzuki et al. , 1986 (Suzuki et al. , 1987 . Glucodex-tranase is active towards both short-and long-chain substrates (Ohya et al. 1978) like SMDG, but is obviously different from SMDG in terms of the anomeric configuration of its products. Glucodextranase releases β-glucose from substrates (Ohya et al. 1978) , while SMDG produces α-glucose (Saburi et al. 2006) , indicating that SMDG and glucodextranase obey different reaction mechanisms.
Glycoside hydrolases and transglycosylases are classified into more than 100 families based on their amino acid sequences, and enzymes in a family are believed to share a common three-dimensional structure of the catalytic domain and the same catalytic mechanism (Coutinho & Henrissat 1999) . SMDG and O16G are classified into glycoside hydrolase (GH) family 13 (α-amylase family), while glucodextranase is a member of GH family 15. GH family 13, which is the largest of the GH families, consists of more than 30 retaining glycosidases and transglycosylases, such as αamylase, cyclodextrin glucanotransferase (CGTase), αglucosidase, debranching enzymes, and branching enzymes (Coutinho & Henrissat 1999) . GH family 13 en- Suzuki et al. (1982) . b Suzuki et al. (1986) . c Suzuki et al. (1976) . N.D., not determined.
zymes divided into 35 subfamilies based on the sequence similarity and each subfamily enzymes catalyze same reaction (Stam et al. 2006) . SMDG is categorized into the subfamily GH13 31 together with O16G. GH family 13 enzymes catalyze hydrolysis and transglycosylation through a double-displacement mechanism via a glycosyl enzyme intermediate using three invariant acidic residues: two of these are aspartate and glutamate residues acting as the catalytic nucleophile and the general acid/base catalyst, respectively, and the other aspartate residue is involved in stabilization of the transition state in the reaction (MacGregor et al. 2001) . GH family 13 enzymes show very low degree of similarity in their entire sequences, but share four conserved regions, I-IV, and a common multi-domain structure composed of three domains, A, B, and C. Domain A is the catalytic domain, and consists a (β/α) 8 -barrel fold. Domain B is composed of the long loop connecting β-strand 3 and α-helix 3 of the (β/α) 8 -barrel of domain A. Domain C, succeeding domain A, is made up of antiparallel β-sheets. The conserved regions I-IV are situated on β → α loops 3, 4, 5, and 7 of domain A, respectively, and include the catalytic amino acids as well as important amino acids contributing to stabilization of the oxocarbenium-ion like transition state. The conserved catalytic aspartic and glutamic acid residues are located at the C-termini of β → α loops 4 and 5, respectively. SMDG shows the highest degree of sequence similarity to O16G among GH family 13 enzymes, although the substrate chain-length specificities of these enzymes are different, as described above. We focused on this difference in the specificity of SMDG and O16G, and mutational and structural analyses were performed to elucidate the structure-function relationship of the substrate chain-length specificity of SMDG (Saburi et al. 2006; Hondoh et al. 2008) . In this review, we describe the important structural elements responsible for high activity toward long-chain substrates in SMDG.
Comparison of substrate chain-length specificity between SMDG and O16G SMDG and O16G show obviously different specificities for long-chain isomaltooligosaccharides, as mentioned above, even though both enzymes act on the α-1,6-glucosidic linkage at the non-reducing ends of substrates. SMDG prefers short-chain substrates, and isomaltotriose is the best substrate for this enzyme, as also observed with O16Gs (Table 1) . However, the reaction efficiencies (k cat /K m ) of SMDG for a series of isomaltooligosaccharides were more moderately decreased than those of O16G with increasing substrate chain length. For instance, SMDG retains 99% and 72% activity toward isomaltohexaose and isomaltoheptaose, respectively, compared with that toward isomaltose, on the basis of k cat /K m (Tables 1, 2). On the other hand, O16G showed severely decreased activity toward isomaltooligosaccharides with increasing substrate chain length (Table 1) . Table 2 . Multiple alignment of the partial sequence ranging between the conserved regions II and III.
Enzyme
Sequence Position Overall structure of SMDG and difference in the structure of SMDG from O16Gs
We have recently determined the native and substrate complex structures of SMDG by the molecular replacement method (Hondoh et al. 2008 ). The atomic coordinates and structure factors of the free form and substrate complex of SMDG have been deposited in the Protein Data Bank under the accession codes 2zic and 2zid, respectively. SMDG consists of the threedomain core architecture shared by all GH family 13 enzymes (Fig. 1) . Domain A, including the three invariant acid residues essential for catalysis, Asp194, Glu236 and Asp313, is the catalytic domain and is composed of a (β/α) 8 -barrel as observed in other GH family 13 enzymes. Domain B, which contains two helices and three strands, is also involved in the formation of the molecular surface of the active site cleft together with domain A. Domain C consists of an antiparallel β-sheet motif with one α-helix.
The active site cleft of SMDG is like a pocket in shape, as observed in O16G (Watanabe et al. 1997) , amylosucrase (Skov et al. 2001) , and sucrose phosphorylase (Sprogoe et al. 2004) , and the orientation of the conserved residues in subsite −1 is almost identical among these enzymes (Fig. 2) . β → α Loops 4, 5, 6, and 7 of domain A (residue numbers 195-212, 237-240, 269-283, and 308-315, respectively, in SMDG) and two loops of domain B (residue numbers 130-142, and 156-168) are involved in the formation of the active site. The catalytic residues are situated at the bottom of this ac- A. The Arg398 located on the N-terminal side of these α-helices possibly undergoes hydrogen-bonding interactions with the glucose residue at the non-reducing end of the substrate together with Asp60 (Fig. 2) . These two residues also interact each other directly, via a saltbridge, resulting in prohibition of further minus-subsite formation, as suggested in other exo-type GH family 13 enzymes acting on the non-reducing end glucose, such as O16G, amylosucrase, and sucrose phosphorylase.
The substrate complex structure of SMDG was solved using isomaltotriose and a mutant enzyme in which the general acid/base catalyst, Glu236, was replaced with a glutamine. Isomaltotriose, observed at the bottom of the active site cleft, occupied subsite −1 to +2 (Fig. 2) . The root mean square deviation between corresponding main chain atoms of the native and complex structures is 0.22Å. The conformations of the active-site residues of the native and complex structures are almost identical except for the side chain of Trp238 at the C-terminal extension of β-strand 5. The side chain of Trp238 shifted approximately 1Å away from the cleavage site following binding of isomaltotriose (Fig. 2) , and positioned suitably to make hydrophobic contacts with the isomaltose moiety at subsites +1 and +2 (hydrogen bonding interaction of Trp238 was not observed). Residues corresponding to Trp238 of SMDG are shown in the amino acid sequence alignment of GH family 13 enzyme representatives (Table 2) . Several GH family 13 enzymes, including barley high pI α-amylase (Kadziola et al. 1998) , Geobacillus stearothermophilus neopullulanase (Hondoh et al. 2003) , and Thermoactinomyces vulgaris R-47 α-amylase II (TVAII; Yokota et al. 2001) , also have a tryptophan at the corresponding position (Table 2) , and these residues form a stacking interaction with their substrates or analogues at subsite +2 (or at subsite +1 in TVAII) in the solved three-dimensional structures. In CGTase, an aromatic amino acid residue, phenylalanine, is in the corresponding position and contributes to high transglycosylation activity through a stacking interaction in subsite +2 (van der Veen et al. 2001 ). On the other hand, O16Gs and α-glucosidases have relatively small amino acids in this position. For example, in the case of B. cereus O16G, a proline residue is equivalently situated at the position of Trp238 of SMDG in the primary structure (Table 2 ) and in the solved three-dimensional structure (Watanabe et al. 1997) . α-Glucosidase from Bacillus sp. SAM1606, which is capable of hydrolyzing a wide range of substrates, even trehalose, requires a small amino acid in the position of SMDG Trp238 for high activity toward trehalose (Inohara-Ochiai et al. 2001; Noguchi et al. 2003) .
Another structural difference between SMDG and O16G is the length of β → α loop 4 ( Table 2, Fig. 3) . O16G, as well as α-glucosidase, possesses an unusually long β → α loop 4, which is involved in the formation of a large part of the active site pocket in B. cereus O16G. In particular, Ser222, His224, and Met228 within the β → α loop 4 (see B. cereus O16G in Table 2 ) protrude into the active-site cleft near the entrance of the pocket. On the other hand, SMDG has a clearly shorter β → α loop 4 than these enzymes, and has a more widely opened entrance to the active-site pocket, which seems suitable for accommodating long-chain substrates.
Structural elements responsible for the high specificity of SMDG for long-chain substrates
To determine the structural elements in SMDG important for high activity toward long-chain substrates, two types of mutant SMDG were generated and their substrate specificities were analyzed (Table 3) . One of the mutant enzymes is a chimeric SMDG (DOD201-210), in which long β → α loop 4 of Bacillus subtilis O16G (residue number: 206-229) was introduced into the equivalent part of SMDG (residue number: 201-210) after deletion of the intrinsic loop. The other type includes three Trp238 mutant SMDGs, in which Trp238 was replaced by smaller amino acids, alanine, proline, and asparagine. The kinetic parameters of the mutant SMDGs for a series of isomaltooligosaccharides were compared with those of wild-type SMDG. Both Trp238-mutated and chimeric SMDGs showed the highest reaction efficiency toward isomaltotriose, similar to wild-type enzyme. However, the reaction efficiencies for isomaltooligosaccharides longer than isomaltotetraose more severely decreased in Trp238-mutated and chimeric SMDGs with increasing substrate chain length than those in wild-type enzyme. The k cat /K m values for isomaltoheptaose of W238A, W238P and W238N mutants and the chimeric enzyme are 18.6%, 33.4%, 36.6%, and 42.5% of those for isomaltose, respectively, while that of wild-type enzyme is 72.3%. It is noteworthy here that the reduction in reaction ef-ficiency with long-chain substrates is drastic, particularly in the W238A mutant, which possesses a small side chain. The chimeric SMDG equipped with a longer β → α loop 4 displayed higher activity than the wildtype enzyme for isomaltooligosaccharides from DP3 to DP5 (DP, degree of polymerization) on the basis of reaction efficiencies relative to that for isomaltose, but the k cat /K m values drastically decreased for isomaltohexaose and isomaltoheptaose. The results of kinetic analyses of the mutant SMDGs indicate that both Trp238 and short loop 4 are structural elements important for high activity toward long-chain substrates. The complex structure of SMDG and isomaltotriose suggests that the active-site pocket can accommodate isomaltooligosaccharides up to DP3 at subsites −1 to +2. Our kinetic data indicate that three subsites, −1 to +2, having positive affinity, significantly contribute to the substrate binding of SMDG (Saburi et al. 2006) . Isomaltooligosaccharides more than DP4 bind to the catalytic site via interactions between their non-reducing-side isomaltotriosyl moiety and subsites −1 to +2. The other reducing part of the long substrate (DP ≥ 4) is accommodated by the following possible mechanism. Through a hydrophobic interaction with Trp238 in subsite +2, the reducing part of longchain substrates is oriented to the appropriate direction, in which a widely opened entrance of the active site cleft is formed by short β → α loop 4, thereby allowing less steric hindrance. This is a probable mechanism for SMDG to act on long-chain substrates with relatively high activity.
In this mini-review we summarized the structurefunction relationship of SMDG concerning the specificity for substrate chain length. Structural and mutational analyses revealed that both Trp238, spanning subsites +1 and +2, and the short β → α loop 4 of SMDG, are important elements for high activity toward long-chain substrates. Trp238 may lead the reducing end part of long-chain substrates to the widely opened space, which is formed by short β → α loop 4.
